This study shows that the role of various geochemical processes regulating groundwater chemistry can be effectively evaluated using a simple mass balance approach. The application of this approach was successful in a case study on a predominantly agricultural area (Namwon, Korea). For this study, a total of 279 groundwater samples were collected from 93 wells distributed over the study area and analyzed for pH, alkalinity, major cations (Ca 2+ , Mg 2+ , Na + , K + ), major anions (NO 3 -, Cl -, SO 4 2-), and silica. Nitrate, chloride, and sulfate concentrations point to the influence of anthropogenic activities on the groundwater composition. Increasing concentrations of major anions and cations toward the top of the aquifer suggests that they come mostly from surface sources. Mass balance analysis based on reaction stoichiometry reveals that the water chemistry is regulated primarily by the combination of three processes: (1) the weathering of minerals such as silicates, carbonates, and/or lime; (2) the input of Cl/SO 4 salts; and (3) the generation of nitrates (through nitrification and/or aerobic decomposition of organic matter). Based on this mass balance analysis, we could also quantify the contributions of each process to the observed water chemistry. The results show that mineral weathering is the predominant process affecting groundwater chemistry. Groundwaters more influenced by anthropogenic activities generally show the larger effect of mineral weathering, suggesting that (1) the weathering of silicates might be triggered by protons generated from nitrate generation and/or (2) the water chemistry is affected by lime (CaO) applied to cultivated land and/or carbonates (i.e., CaCO 3 ) in cement materials. However, the influence of protons, which can be co-produced with nitrate, on concentrations of major cations and alkalinity due to ion exchange were revealed to be negligible because the studied groundwater has sufficient alkalinity to neutralize those acids.
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Keywords: mineral weathering, nitrate generation, salts, proton exchange, mass balance, Namwon 1992; Bartarya, 1993; Kim, 2002 Kim, , 2003 . Among the minerals, feldspar is the most important mineral controlling groundwater chemistry because of its reactivity and its abundance in the earth's crust (Garrels and Mackenzie, 1967; Jacks, 1973; Kenoyer and Bowser, 1992; Bartarya, 1993; Kim, 2002) . Additionally, intense agricultural and urban developments have placed a high demand on groundwater resources worldwide and also directly or indirectly play a major role in regulating groundwater chemistry (Lowrance et al., 1997; Fakir et al., 2002; Cardona et al., 2004) . Groundwater contamination due to intense agricultural activities is usually expressed in increasing salinity and increasing nutrient concentration (Min et al., 2003; Perez et al., 2003; Chae et al., 2004) . Similarly, urban development also causes deterioration in groundwater quality (Nkotagu, 1996; Stigter et al., 
INTRODUCTION
The chemical composition of groundwater is regulated by various factors, which include atmospheric input (i.e., sea spray, aerosols, etc.), mineral weathering through rock-water interaction, anthropogenic activities, and biogeochemical processes. The weathering of minerals generally exerts an important control on groundwater chemistry (Garrels and Mackenzie, 1967; Frape et al., 1984; Rogers, 1987; Nordstrom et al., 1989; Kenoyer and Bowser, 1992; Bullen et al., 1996; Kim, 2002) . This process generally dominates the concentration of the major cations (Ca, Mg, Na, K) in groundwater (Garrels and Mackenzie, 1967; Jacks, 1973; Kenoyer and Bowser, among these are landfill waste sites, septic tanks, and domestic and industrial effluents. Hence, an understanding of the geochemical processes affecting groundwater composition is difficult, especially in the areas with complex land-use characteristics.
In this study, a simple mass balance approach based on reaction stoichiometry is applied to evaluate the role of various geochemical processes in regulating groundwater chemistry in Namwon, Korea. Use of this approach reveals that the chemistry of the groundwater studied can be explained by three major processes: weathering of minerals, input of chloride and sulfate salts, and nitrate generation through oxidation of ammonium and/or organic matter. In addition, this technique allowed us to evaluate the relative contributions of each process to the water chemistry that was observed.
STUDY AREA
The city of Namwon is located in the southern part of Korean Peninsula and has an area of 753 km 2 (Fig. 1) . The study area has a monsoon climate with an average annual precipitation of 1317 mm, of which 66% occurs during summer (June through September). The maximum monthly air temperature (25.4°C) occurs in August, and the minimum monthly air temperature (-1.6°C) in January. Land use in the Namwon area is mainly forest (65%) and agricultural (23%). Rice, the major crop in the study area, is cultivated on 65% of the agricultural lands. Groundwater is the major water source for agricultural, domestic, and industrial purposes, providing 82% (32.7 × 10 6 m 3 /yr) of the total water demand in the study area (39.9 × 10 6 m 3 /yr; Namwon City, 2002) . Agricultural activities account for ~63% of the total groundwater usage, followed by domestic (~37%) and industrial activities (~0.1%; Namwon City, 2002) . Synthetic fertilizers are frequently used for crops during spring through fall, and for fruits and vegetables cultivated in the greenhouses during the winter. To prevent soil acidification due to fertilization, lime is also regularly applied to cultivated land.
The bedrock of the study area ( Fig. 1 ) comprises mostly silicate rocks (KIGAM, 2004) . Included are Triassic to Jurassic plutonic rocks (leucocratic granite, biotite granite, granodiorite, two-mica granite, diorite, gabboro, etc.) as well as Precambrian metamorphic rocks (granitic gneiss, biotite gneiss, migmatite gneiss, etc.). Meta-sedimentary rocks (quartzite and schist) of unknown age also occur but in smaller amounts. The plutonic rocks Min-minimum, Med-median, Max-maximum, SD- intruded into the overlying Precambrian metamorphic rocks and meta-sedimentary rocks. Precambrian metamorphic rocks generally occur in the southeastern part of the study area, with some occurring along the northern boundary, and form the topographically elevated region (generally higher than 1000 m). Meta-sedimentary rocks are observed only at the southeastern end of the study area (Fig. 1) . The bedrock is unconformably overlain by alluvium formations on both sides of stream courses. The agricultural and dwelling areas are generally developed within these alluvial formations. The widest alluvium formations are observed along Yo Stream (Fig. 1) , which crosses the study area from north to southwest.
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GROUNDWATER SAMPLING AND ANALYSIS
Based on preliminary field surveys, 93 wells-26 used for domestic purposes and 67 used for agricultural activities-were selected for this study (Fig. 1 ). Of these, 44 cut through the bedrock formations (bedrock wells), and the remaining 49 are set into the alluvial formations In total, 279 groundwater samples were collected over the duration of the study. Groundwater samples were taken from each well after purging a minimum of three well volumes. Dissolved oxygen (DO) and pH were measured directly in the field. Samples for laboratory analysis were immediately filtered in the field through 0.45-µm cellulose membranes. Plastic sample bottles for major cations (Ca 2+ , Mg 2+ , Na + , K + ) and dissolved silica were soaked in 50% HCl solution for 24 hours, washed three times with deionized water, and then washed again in the field with Evaluation of Geochemical Processes Affecting Groundwater Chemistry 361 the filtrates. The cations and silica samples were acidified to pH < 2 with several drops of ultra-pure hydrochloric acid. All the samples taken in the field were kept at 4°C until analysis.
Alkalinities were measured using Gran titration method. Major cations were analyzed by atomic absorption spectroscopy (UNICAM 930), and NO 3 -, Cl -, and SO 4 2-by ion chromatography (Dx-500, Dionex). A UV/ visible spectrophotometer (UV-1700, Shimadzu) was used for silica analysis. Measurement reproducibility and precision for each analysis were less than 2%. The analytical precision for the total measurements of ions was checked again by calculating the ionic balance errors, and was generally within ±5%.
WATER ANALYSIS RESULTS
The following discussion is based on the average values derived from the three sampling campaigns. Chemical analyses of the sampled groundwater are summarized in Table 1 . Ninety-one percent of the wells investigated yielded a pH < 7, demonstrating the generally acidic nature of the groundwater samples. The minimum and maximum pH values were 5.01 and 8.43, respectively, with a mean of 6.11. Nitrate and chloride data reveal that some of the well water is significantly affected by anthropogenic inputs (Andreasen and Fleck, 1997; Perez et al., 2003) . Nitrate concentration ranged from 0.16 to 110 mg/ L with mean and standard deviations (SD) of 21.4 and 24.9 mg/L, respectively. Seven of the 93 wells showed nitrate concentrations exceeding the Korean drinking water standard (44.3 mg/L). Chloride concentration can be used as an indicator for the anthropogenic contamination of groundwater because it is conservative in most of the natural environment and essentially originates from surface contamination sources (Bowser, 1992; Andreasen and Fleck, 1997; Lowrance et al., 1997; Thunqvist, 2004) . Chloride concentrations in shallow groundwater, which is not significantly affected by surface contamination sources, are generally less than 10 mg/L in inland areas of Korea (Min et al., 2003; Chae et al., 2004; . On this basis, 59 of the 91 wells investigated can be regarded as contaminated because chloride concentrations higher than 10 mg/L were measured in those wells. However, none of the investigated wells exceeded the Korean drinking water standard for chloride (250 mg/L). Sulfate concentrations varied from 0.32 to 42.2 mg/L with mean and standard deviations of 7.4 and 6.9 mg/L, respectively. As with chlorides, sulfates in groundwater are likely to originate from the land surface-mainly from fertilizers (MgSO 4 , K 2 SO 4 ) and cement materials (CaSO 4 )-and behave conservatively in the groundwater system due to high DO levels observed in the study area (5.25 ± 1.61 mg/L in mean ± SD); thus, SO 4 can be used as an indicator for groundwater contamination as well. Oxidation of naturally occurring sulfide minerals could be another important sulfate source. However, our data imply only the importance of SO 4 salts for the observed sulfate concentration. Vertical variations in water chemistry (Fig. 2) illustrate that the surface-originated chemical species, Cl and NO 3 , show higher concentrations in the shallower depths. These observations are also confirmed by the statistically significant, negative correlations with well depth (Table 2 ). The vertical distribution pattern of SO 4 ( Fig. 2) and its statistically significant positive correlations with Cl and NO 3 (Table 2) suggest that SO 4 concentration in groundwater derives mostly from surface sources. Moreover, as Cl + SO 4 concentration increases, the ∑cation/(Cl + SO 4 ) ratio (here, ∑cation = Ca + Mg + Na + K in equivalent units) approaches 1.0 (Fig. 3) , suggesting the influence of Cl/SO 4 salts such as NaCl (from cooking salt), CaCl 2 (deicing salt), MgSO 4 /K 2 SO 4 (fertilizers), and CaSO 4 (cement materials), whose Cl or SO 4 concentrations are exactly balanced by the major cations. Since chloride-and sulfur-bearing minerals are rare in the silicate terrain of the study area (KIGAM, 2004) , water highly influenced by mineral weathering show very high ∑cation/(Cl + SO 4 ) values (Fig. 3) . On the other hand, groundwater chemistry evolves toward a ∑cation/(Cl + SO 4 ) value equal to 1.0 when the anthropogenic influences become significant because of the Cl/SO 4 salts. This explanation is also supported by the positive correlations of Cl and SO 4 with respect to the major cations ( Table 2 ).
The observation in Fig. 3 may not completely eliminate the possibility of sulfide oxidation because some major cations may be desorbed from the exchange sites by acids generated from sulfide oxidation and, consequently, the similar trend observed in Fig. 3 can be derived to some extent. However, the vertical distribution pattern of SO 4 shown in Fig. 2 + + 2SO 4 2-), deep groundwater, which has reacted with aquifer materials for a longer time than the shallow groundwater, should be more SO 4 -rich than shallow groundwater because DO contents in deep groundwater are still sufficiently high for sulfide oxidation (Fig. 2) . Furthermore, simulation results using the geochemical computer code PHREEQC (Parkhurst and Appelo, 1999) for the acid titration of groundwater, which is in contact with cation exchange sites, suggest that the replacement of adsorbed major cations by protons is only minor because most of the groundwater in the study area still has sufficiently high alkalinity for acid neutralization. This will be discussed in detail together with Fig. 7 later.
Because Cl and SO 4 can indicate the relative influences of anthropogenic activities in the study area, the investigated wells were classified into two groups based on Cl + SO 4 levels (Table 1) , and the effects of various chemical processes on those groups were evaluated. The threshold value for this classification is Cl + SO 4 = 0.4 meq/L. Thirty-nine wells (43% of the total) were classified as Group 1 (Cl + SO 4 < 0.4 meq/L), and 54 wells (57% of the total) were classified as Group 2 (Cl + SO 4 > 0.4 meq/L). Group 2 wells are generally shallower and thus have significantly higher concentrations of Ca, Mg, Na, K, and NO 3 than Group 1 based on t-test analyses (Table 1) . Variations in alkalinity, DO, and silica concentration do not match the Group 1/Group 2 classification; the two groups overlap each other with respect to these parameters ( Fig. 2 and Table 1 ).
GEOCHEMICAL PROCESSES AFFECTING GROUNDWATER CHEMISTRY
Alkalinity of groundwater is generally the result of weathering of minerals such as silicates and carbonates and can be removed by nitrification and/or oxidation of organic matter (Stumm and Morgan, 1996) . To check the role of mineral weathering on major ion concentrations, ∑cation is plotted against alkalinity following the method suggested by Kim (2003) . Based on mineral composition and reaction stoichiometry, Kim (2003) established that ∑cation and alkalinity show a 1:1 relation (in meq/L unit) when weathering of either silicates or carbonates is the major process controlling groundwater chemistry. However, only a few samples plot on or near the 1:1 mineral Evaluation of Geochemical Processes Affecting Groundwater Chemistry 363 dissolution line in Fig. 4(A) even though the basement of the study area is composed almost exclusively of silicate rocks. It is noteworthy that groundwater that is likely to be more influenced by anthropogenic activities (i.e., Group 2) is primarily that which shows the largest deviation from the mineral dissolution reference line. This strongly suggests that processes other than mineral weathering influence the composition of the studied water.
Two major processes may account for the deviations observed in Fig. 4(A) : (1) Cl and/or SO 4 salt input, and (2) nitrate generation due to nitrification and/or oxidation of organic matters. Input of Cl/SO 4 salts increases the concentration of cations but does not affect alkalinity, thus causing the upward deviation of the water samsples from the 1:1 mineral dissolution line (arrow A in Fig. 4(A) ). Conversely, dissolution of Cl/SO 4 salt is expected to cause a 1:1 relation between Cl + SO 4 and salt-derived ∑cation. The general upward deviation of the data points from the 1:1 salt dissolution reference line in Fig. 5 clearly indicates that the dissolution of anthropogenic Cl + SO 4 salts alone cannot account for the cation concentrations measured in this water. Comparing Figs. 4 and 5, it becomes evident that both mineral weathering and salt input participate simultaneously in the production of dissolved cations in the study area.
To evaluate the role of other chemical processes, ∑cation concentrations were corrected to remove the saltaddition effects. Since Cl/SO 4 salts do not affect alkalinity, the salt correction was carried out by simply subtracting Cl + SO 4 concentrations from ∑cation. The relation between corrected ∑cation (=∑cation -Cl -SO 4 in meq/ L) and alkalinity shows a smaller deviation from the 1:1 mineral dissolution line (Fig. 4(B) ) than that between uncorrected total cation and alkalinity (Fig. 4(A) ). However, many samples still plot above the 1:1 reference line for mineral weathering. Since the influence from salts is eliminated in Fig. 4(B) , the residual deviation from the reference line observed in this figure is likely to be the result of nitrate generation processes. This explanation is reflected in the nitrate concentrations represented as bubbles (Fig. 4) . Figure 4 (A) clearly shows that samples with low nitrate (Group 1) plot on or very close to the 1:1 mineral dissolution line, whereas samples with high nitrate concentrations (Group 2) plot far above the 1:1 line. This is even more prominent when the salt correction is performed (Fig. 4(B) ), indicating that the ion species measured here cover all the major dissolved species in the groundwater and that the upward deviation from mineral dissolution line in Fig. 4(A) is the result of Cl/SO 4 salt input and nitrate generation.
Nitrate in groundwater generally originates from oxidation of ammonium (nitrification) (Zilberbrand et al., 2001; Nkotagu, 1996) . Nitrogen fertilizers, which are normally used for paddy and other crops, are the major ammonium sources in agricultural areas (Min et al., 2003; Chae et al., 2004) , whereas the source of ammonium in residential and urban areas is mostly sewage generated from domestic and industrial activities (Carling and Hammer, 1995; Jacks et al., 1999) . Under oxic conditions, ammonium is easily oxidized to nitrate by the nitrification process (NH 4 + + 2O 2 ⇒ NO 3 -+ 2H + + H 2 O). Nitrate also can be generated by aerobic decomposition of organic matter (C 106 H 263 O 110 N 16 P + 138O 2 ⇒ 106CO 2 + 16NO 3 -+ HPO 4 2-+ 122H 2 O + 18H + ). Relatively high DO contents in the groundwater make this process possible in the aquifer that we investigated (Table 1) . The relation between alkalinity and nitrate (Fig. 6 ) points to the occurrence of nitrate-generating reactions as well. Based on the reaction stoichiometry for nitrification and oxidation of organic matter, the nitrate-generating processes produce an equivalent of nitrate by consuming the same equivalent of alkalinity. These processes are reflected in Fig. 6 , which shows somewhat negative correlations between nitrate and alkalinity. The negative correlation in Fig. 6 is confirmed by the correlation analysis results (Table 2) . Table 2 shows that alkalinity is negatively correlated with respect to nitrate (r = -0.267) and this correlation is significant (p = 0.010 < 0.05). Nitrate-generating processes shift the water chemistry leftward in the plot of ∑cation versus alkalinity (arrow B in Fig. 4(A) ) because they decrease alkalinity, as we observed in Fig. 6 . However, ∑cation and alkalinity may also be slightly increased after nitrate generation due to co-produced hydrogen ions. Some of the increased hydrogen ion concentration can replace the major cations adsorbed onto the exchange sites (i.e., Ca-X + 2H + ⇒ 2H-X + Ca 2+ , where Ca-X and H-X represent Ca 2+ and H + adsorbed on the exchange sites). Therefore, the actual reaction pathway due to nitrate generation may not be the same as shown by arrow B in Fig. 4(A) . Nitrate in groundwater can be removed by denitrification (5CH 2 O + 4NO 3 -+ 4H + ⇒ 5CO 2 + 2N 2 + 7H 2 O) under anoxic conditions, and this will move the water chemistry rightward due to alkalinity generation. Theoretically, denitrification is not possible in the presence of oxygen. However, several studies report that denitrification and nitrate disappearance occur even with detectable DO concentrations (up to 2 mg/ L; Mariotti et al., 1988; Gillham, 1991; Koba et al., 1997; Cey et al., 1999; Min et al., 2003) . Considering that most of the samples show DO levels higher than 2.0 mg/L (Table 1), the effect of denitrification should be minor in the groundwater studied.
CONTRIBUTIONS OF EACH PROCESS TO WATER CHEMISTRY
Based on the discussion above, it becomes clear that groundwater chemistry in the study area is regulated mostly by three major processes: mineral weathering, salt input, and nitrate generation. Quantification of the roles of these processes in controlling water chemistry would be possible if the protons co-produced with nitrate did not participate in the ion exchange reaction. Under this circumstance, the three processes would affect water chemistry in different ways: (1) weathering of silicate or carbonate minerals would affect both alkalinity and ∑cation with a 1:1 relation (Kim, 2003) ; (2) input of Cl/ SO 4 salts would increase ∑cation without changing alkalinity; and (3) nitrate generation would consume alkalinity without changing cation concentrations ("pure" nitrate generation). However, the possibility of proton exchange with adsorbed major cations cannot be ruled out because increased proton concentration due to nitrate generation may destroy the equilibrium status and stimulate the ion exchange reaction. This proton exchange would cause increases in alkalinity and ∑cation with a 1:1 equivalent ratio in the same way that mineral weathering does; as a result, the weathering effect would be overestimated if the proton exchange effect were not considered appropriately. Hence, a mass balance model considering all four processes was developed in this study.
Since ∑cation can be increased by mineral weathering, salt input, and proton exchange, the mass balance for ∑cation can be written as Evaluation of Geochemical Processes Affecting Groundwater Chemistry 365 where the superscript "Obs" denotes observed concentration, and "MW," "salt," and "NG_ex" represent contributions from mineral weathering, Cl/SO 4 salts, and ion exchange with protons, respectively. Likewise, since alkalinity is affected by mineral weathering, nitrate generation, and exchange of protons, the mass balance for alkalinity can be written as follows:
where Alk MW is the same as ∑cation MW , because alkalinity generated by mineral weathering is balanced by ∑cation; Alk NG is the alkalinity contribution from "pure" nitrate generation; and Alk NG_ex is the same as ∑cation NG_ex . Since pure nitrate generation consumes the same equivalent of alkalinity as that of nitrate generated and Cl/SO 4 salt increases both Cl + SO 4 and ∑cation with 1:1 equivalent ratio,
Cl Obs + SO 4 Obs = ∑cation salt .
However, Alk NG_ex (or ∑cation NG_ex ) has to be defined to estimate ∑cation MW (or Alk MW ) from Eq. (1) or (2). In order to quantify the effect of proton exchange, we performed a series of calculations for the compositional changes of groundwater by continuous input of acids. This calculation was carried out using the geochemical computer code PHREEQC (Parkhurst and Appelo, 1999) . It was assumed that the groundwater was originally in equilibrium with soils with porosity of 0.35 and a grain density 2.7 g/cm 3 . Calculations were done repeatedly for various water compositions and cation exchange capacity (CEC) values. Soil CEC values considered were 0, 1, 10, and 100 meq/kg. The highest CEC value considered during this calculation (100 meq/kg) is likely to be much higher than the actual values that can be observed in the study area because the alluvia are mostly composed of sands or gravels (KIGAM, 2004) having very low CEC values (<10 meq/kg). Figure 7 shows the results for a batch of the exchange calculations performed using a typical water composition observed in the study area and with an initial water composition the same as that at 0 meq/L of the added acid. The results show that ∑cation is rarely increased by acid input when the water still has enough alkalinity (Figs. 7(A) and (B) ). However, ∑cation increases abruptly when the alkalinity of the groundwater is mostly consumed by the continuous acid input. Concentration variations in carbonate species (Fig. 7(C) ) indicate that bicarbonate (or carbonate) ions receive most of the added hydrogen ions and turn into H 2 CO 3 (or HCO 3 -) by following reactions when the water still has enough alkalinity:
Negligible concentration variations in CO 3 2- (Fig. 7(C) ) are due to the low pH (6.89) of the initial water. Carbonate concentration is negligible relative to that of bicarbonate when the pH is less than 8. In contrast, the H + ion starts to replace the adsorbed major cations as alkalinity is greatly decreased. As a result, ∑cation begins to increase from this point and the decrease in alkalinity is mitigated drastically ("alkalinity buffering"). The increase in ∑cation due to exchange of the hydrogen ion is less significant and alkalinity buffering is not as strong when CEC is very low. In the case of the highest CEC value (100 meq/kg), <10% of the added acid (2.34 meq/L) is used to increase ∑cation, unless alkalinity does not drop below 310 µeq/L as a result of the acid input. In contrast, alkalinity has to drop below zero to show the same extent of ∑cation increase (10% of the acid input) if CEC is low (-7 µeq/L at acid input 2.71 meq/L for CEC 10 meq/kg; -540 µeq/L at acid input 3.25 meq/L for CEC 1 meq/kg). This result suggests that the concentration increase in ∑cation by acid generation is only minor if the groundwater still has enough alkalinity for neutralization of the added acids. Considering that 98% of the wells studied (91 out of 93) showed alkalinities higher than 310 µeq/L (Table 1) , the ∑cation NG_ex is believed to be less than 10% of the acids co-produced with nitrate. In this calculation, however, ∑cation
NG_ex was set at 10% of the acids coproduced with nitrate (=0.1 × NO 3 Obs ) to see the weathering effect at the maximum condition of proton exchange. From Eqs. (1) and (2) 
The calculation results, shown in Table 3 and Fig. 8 , show that mineral weathering contributes 1.35 ± 0.49 meq/ L (mean ± standard deviation) of the ∑cation (1.97 ± 0.75 meq/L), while Cl/SO 4 salt explains 0.59 ± 0.38 meq/L of the observed ∑cation, in overall (Table 3) . As we expected, the contribution of Cl/SO 4 salt to ∑cation are significantly higher in Group 2 wells (34 ± 10%) than in Group 1 wells (20 ± 6%). As with the results for ∑cation salt , the alkalinity consumption by pure nitrate generation (-Alk NG ) is significantly higher in Group 2 wells (0.42 ± 0.37 meq/L) than in Group 1 wells (0.15 ± 0.12 meq/L).
Mineral weathering explains 79 ± 7% of ∑cation in Group 1 groundwater, indicating that the water chemistry of this group is mostly regulated by mineral weathering (Table 3 ; Fig. 8(B) ). However, the absolute amount of ∑cation contribution from minerals is more significant in groundwater highly affected by anthropogenic activities (1.51 ± 0.49 meq/L, Group 2) than in the Group 1 groundwater (1.14 ± 0.40 meq/L; Table 3, Fig. 8 ). This observation is unusual because the mineral effect is generally significant in groundwater that has resided in the geologic media for a prolonged time (Nordstrom et al., 1989; Bullen et al., 1996; Banks et al., 1998; Chae et al., 2004; Kim and Jeong, 2005) . In addition, groundwater highly affected by anthropogenic activities is generally younger than that less affected by anthropogenic activities Kim and Jeong, 2005) . In light of the negligible differences in silica concentration between these two groups (Table 1) , the higher mineral effect in the Group 2 wells is likely to be related to anthropogenic activities such as lime application (CaO + H 2 O + 2CO 2 ⇒ Ca + 2HCO 3 -) to cultivated lands to alleviate soil acidification (Hamilton and Helsel, 1995; Chae et al., 2004) , and/or dissolution of CaCO 3 in the cement materials. However, the silica data cannot completely exclude the possibility of enhanced silicate weathering by acidification due to nitrate generation (DeSimone Zilberbrand et al., 2001) . Uniform silica concentrations but varying cation concentrations are generally observed in sites where weathering of silicate mineral dominates (Norton, 1974; Miller and Drever, 1977; Rogers, 1987; Kim, 2003) . This behavior of silica concentration has been explained by dynamic equilibrium between dissolution of silicate minerals and precipitation of clay minerals or amorphous silica (Helgeson, 1968; Helgeson et al., 1969; Plummer et al., 1983; Steelfel and van Cappellen, 1990) . The proximity of the study area to China could also provide another possible explanation, since loess blown from the desert areas of Asian continent (so-called "yellow sand") during the spring typically contains calcite grains (Yokoo et al., 2004) . However, the role of yellow sand is likely to be insignificant or negligible for the observed enhanced mineral weathering because shallow groundwater, which is believed to be unaffected by human activities, generally shows cation con- centrations (<1.0 meq/L in ∑cation) much lower than concentrations typically observed in Group 2 water (2.36 ± 0.69 meq/L; Table 3 ). Therefore, it is believed that the enhanced weathering effect observed in the study area is mostly related to human activities such as liming of cultivated land, construction using cement materials, and acid generation from oxidation of ammonia and/or organic matter.
SUMMARY AND CONCLUSIONS
In this study, a simple mass balance approach based on reaction stoichiometry was used to determine the roles of various geochemical processes regulating groundwater chemistry for groundwater in the Namwon area, a rural area having complex land use patterns. Based on this approach, we identified the major geochemical processes controlling the observed compositions and quantified their relative contributions to the cationic and anionic budgets. However, this mass balance method can only provide reliable estimates when sources of variable species (i.e., alkalinity, ∑cation, and Cl + SO 4 in this study) are properly identified. In addition, each process has to show distinct reaction characteristics. Otherwise, additional equations which can constrain chemical processes showing similar reaction patterns are required as was shown in the relation between mineral weathering and proton exchange. Both of these two processes can increase alkalinity and the total cation from the 1:1 ratio. Even though the mass balance approach has such limitations, it is suggested that this method can be a promising tool for the quantitative evaluation of major geochemical processes controlling the observed water chemistry.
The mass balance analysis results for groundwater in the study area indicate that the groundwater chemistry can mostly be accounted for by three major processes: dissolution of minerals (silicates, carbonates, and lime), Cl/SO 4 -salt input, and nitrate generation. However, PHREEQC calculation suggests that the effect of hydrogen ion exchange is negligible because of the alkalinity levels that are sufficiently high to neutralize the hydrogen ions produced from the acid generation processes. The mass balance analysis results also revealed that among the three major processes, mineral dissolution is the predominant process controlling the water chemistry in the study area. The effects from Cl/SO 4 -salt input and nitrate generation appear to be significant in shallow groundwater or in groundwater highly influenced by the anthropogenic activities. The cation contribution from minerals is more significant in groundwater with higher anthropogenic influences. Mineral dissolution related to human activities-that is, enhanced mineral weathering by acidification due to nitrate-generating processes, lime (CaO) applied to the agricultural lands, and CaCO 3 from cement materials-is suggested as the cause of this observation.
